Abstract. Approximately 400 Common Chaffinches (Fringilla coelebs) were introduced last century into New Zealand from England. These founders and their descendents have been such successful colonizers that they are now among the most abundant and widespread passerine species in the region. To assess the amount of differentiation that has developed in the period of about 90-120 years, we sampled populations in the North and Southislands ofNew Zealand, and a population isolated on Chatham Island 800 km to the east. Chaffinches have differentiated very little genetically and morphometrically, in sharp contrast to colonizing species such as House Sparrows (Passer domesticus), Common Mynas (Acridotheres tristis), and European Starlings (Sturnus vulgaris) introduced contemporaneously. Population differentiation does not fit geographically ordered patterns such as clines or isolation-bydistance, and there is no convincing evidence of selection for climatic adaptation or nonselective environmental induction. Random drift is implicated as the primary causal agent for the haphazard pattern of geographic variation, which implies that genetic and morphometric characters are now effectively neutral with respect to selection. Comparison with populations in Europe, North Africa, and the Atlantic islands suggests that microevolutionary processes of population divergence in New Zealand can be extrapolated through time to explain intraspecific and interspecific diversity in chaffinches.
INTRODUCTION
Populations of animals and plants introduced by humans to regions ofthe world remote from their natural ranges provide evolutionists with unparalleled opportunities to study processes of microevolutionary change over known time frames. The theoretical significance of such studies derives from the contention that gradual adaptive divergence among populations can be extrapolated to account for speciation and macroevolutionary phenomena, a basic premise of the neo-Darwinian synthesis. This view has been challenged as an exclusive mode of evolution by proponents of rapid founder-induced change (Mayr 1954, Carson and Templeton 1984) and punctuated equilibrium (Eldredge and Gould 1972, Gould 1982) . It seems possible that these divergent viewpoints can be reconciled simply as different perspectives through time on cumulative microevolutionary changes, coupled with differential rates of extinction in different clades (Turner 1988 
ELECTROPHORETIC METHODS
In this paper we report on the amount of genetic differentiation that has developed in chaffinch populations in the North and South islands of New Zealand, and compare them with a population isolated in the Chatham Islands. We assess the roles of gene flow, selection, and random genetic drift in promoting this level of differentiation in the period of approximately 90-120 years. We then compare these short-term microevolutionary changes to longer-term changes observed in populations isolated in the Atlantic islands (Azores, Madeira, and Canaries) for about a million years (Baker et al. 1989 ). Finally, we argue that processes of genetic differentiation in small to moderate-sized populations extrapolated through time are sufficient to account for the evolution of intraspecific and interspecific diversity in chaffinches.
MATERIALS AND METHODS
Samples of liver, heart, and pectoral muscle were removed from each specimen immediately after death and stored in cryogenic tubes in liquid nitrogen until they were transported back to the Laboratory of Analytical Systematics in the Royal Ontario Museum. The samples were then stored at -70°C until they were electrophoresed. Tissue samples from all 227 birds were surveyed for genetic variation at 44 presumptive loci using running buffers optimized for chaffinches (details of running conditions can be obtained from the first author). Gels were run overnight for 16 hr at 4"C, and were then stained using the methods detailed in Harris and Hopkinson (1976) , Barrowclough and Corbin (1978) , and Cole and Parkin (1980). Electromorphs were assumed to be products of different alleles. Alleles from each population were calibrated by running them sideby-side on the same gel. Loci were numbered sequentially with integers beginning with 1 for the most anodal form, and alleles were designated alphabetically (with A for the most common one).
SAMPLES OBTAINED ANALYSIS OF GENETIC DATA
Samples of adult chaffinches were collected from eight different populations covering nearly all the range of the species in the New Zealand region. Three populations were sampled in the North Island, four in the South Island, and one on ChatGenotypes scored for all populations were analyzed with the computer package BIOSYS-1 (Swofford and Selander 198 1). All the loci screened in this study were autosomal except cytoplasmic aconitase (Ace-1). In chaffinches this (females) from the data set for this locus in all Geographic heterogeneity in allele frequencies analyses. For each population, observed (direct among all populations was tested at each locus count) and expected (based on Hardy-Weinberg with contingency chi-square analysis, using the equilibrium) heterozygosities were calculated and method of Workman and Niswander (1970) . The averaged across all loci. Because there were no extent of population structuring and genetic difsignificant differences between average observed ferentiation was investigated with F-statistics and expected heterozygosities (Kruskal-Wallis (Wright 1965 (Wright , 1978 The association between environmental variation and population differentiation was investigated using separate linear regressions of morphometric variables and allele frequencies on 12 environmental variables, as follows: (1) mean annual rainfall, (2) mean January (summer temperature), (3) mean July (winter) temperature, (4) mean maximum January temperature, (5) mean maximum July temperature, (6) mean minimum January temperature, (7) mean minimum July temperature, (8) mean annual temperature range, (9) latitude, (10) longitude, (11) isophane, and (12) relative humidity at 09:OO. Weather data were taken from New Zealand Meteorological Service reports based mostly on 25-to 30-year summaries to 1970. Weather stations were located in the forests in which we collected, or were nearby (usually within 5 km).
RESULTS

GENETIC VARIABILITY
Twenty-seven of the 44 loci surveyed in this study were monomorphic and fixed for the same allele in all populations: Ace-2, Acp-2, Acp-3, Ak-1, Ak-2, Ak-3, Ck-1, ES-~, ES-~, Got-l, Got-2, Gpd-2, Gpi, G6pd, Icd-2, Ldh-1, Ldh-2, Mdh-1, Mdh-2, Pgm-1, Pt-1, Pt-2, Pt-3, Sdh, Sod-l, Sod-2, and Sod-3. Allele frequencies for the remaining 17 polymorphic loci are shown in Table 2 is that the Tuku sample from the pe-and Pgm-2). Sampling error is implicated as the ripherally located Chatham Islands is extremely cause for these deviations because they all emsimilar to the mainland New Zealand popula-anate from small deficiencies of heterozygotes tions in its allelic profiles at each locus. involving rare or uncommon alleles. Levels of Chi-square analysis revealed statistically sig-genetic variability within populations are sum- (Fig. 2) . The 3-D multidimensional scaling ordination shows clearly, however, that the Woodhill sample is actually genetically intermediate between North and South island samples (Fig. 3) Table 7 . A principal coordinates analysis produced a good data-analytic reduction of the full-dimensional morphometric distance matrix to three dimensions, with the first three eigenvalues cumulatively explaining 87.2% of the total variation in the matrix. Nonmetric multidimensional scaling of this 3-D model produced the optimized ordination in Fig-FIGURE 3 . Three-dimensional ordination with nonmetric multidimensional scaling of Rogers ' (1972) 
POPULATION DIFFERENTIATION AND ENVIRONMENTAL VARIATION
Environmental variables successfully predict the pattern of geographic variation in only one morphometric variable, cranium depth (CRAD). Mean January, mean minimum January, and mean minimum July temperatures, and the correlated variables of mean annual temperature range and isophane, all have significant linear regressions (P < 0.05) on cranium depth. These regressions ' explain' up to 55% of the amongpopulation variation in CRAD. Principal component I based on the population means for the 12 morphometric variables is a rough index of geographic variation in body size, although bootstrapping revealed that cranium depth and mandible length do not load significantly on this axis. No significant regressions were found between environmental variables and PC I of the morphometric variables.
Allele frequencies at geographically variable loci are also poorly aligned with environmental gradients. Only three of 78 regressions were significant (P < 0.05) a result expected by chance alone. Geographic variation in the common allele at Ace-1 was predicted by longitude (r* = 0.55), and at Np by latitude (r2 = 0.61) and longitude (r2 = 0.8 1).
ASSOCIATION OF GENETIC AND MORPHOMETRIC DIVERGENCE
To investigate whether genetic and morphometric variation among populations were associated, we conducted Mantel' s tests using Rogers' genetic distances and average taxonomic distances. As an approximate test of an isolation-by-distance model, we also carried out Mantel' s test with the above matrices and a geographic distance matrix computed from a Gabriel connected graph among populations (available on request from the senior author). The very small scale and haphazard pattern of geographic variation in morphometric characters is consistent with presently neutral evolution of these characters (see Lande 1985 , Lynch and Hill 1986 , Lynch 1988 . At the morphometric level, cranium depth alone is aligned with environmental temperature gradients. It is extremely unlikely that directional selection for cli-matic adaptation would operate only on cranium depth and leave other characters unaffected (given genetic covariances among characters), especially since the tendency for increased average cranium depth in warmer northern locales is the opposite to that predicted by Bergmann' s rule and has no obvious functional explication. We therefore favor the view that this single character association with among-locality temperature gradients is fortuitous, and is consistent overall with random drift of effectively neutral morphometric characters. This does not mean, however, that phenotypic evolution in New Zealand chaffinch populations will not eventually be ordered by natural selection, especially if they switch to markedly different habitats or if they encounter environmental perturbations in the future.
The near geographic uniformity in morphometrics of chaffinches contrasts sharply with the more pronounced geographic variation exhibited in many characters by House Sparrows, European Starlings, and Common Mynas that have also been introduced into New Zealand in the last 100 years or so. The species name coelebs (or bachelor male) refers to the relative sedentariness of male chaffinches (in Europe in winter), whereas females disperse more widely (Bannerman 19 53). If the New Zealand populations have retained female-biased dispersal within the two major islands, then this might partly account for the limited differentiation in chaffinches relative to more sedentary species. This parallels the striking contrast between the geographically structured Fox Sparrow (Passerella iliaca) and the geographically uniform Green-tailed Towhee (Pipilo chlorurus), which are syntopic in many parts of the western United States. The latter is much more continuously distributed, however, implying that the smoothing effect of gene flow is much more important in this species than in the more subdivided Fox Sparrow. Additionally, as pointed out by Zink (1986) these species may also differ in their degree of geographic variation because of intrinsic differences in phenotypic canalization, or species-specific differences in phenotypic plasticity (Via and Lande 1986 ) and the same line of reasoning can be applied to the colonizing species of passerines in New Zealand. Although the innovative studies conducted by James (1983) have revealed an unexpectedly large nongenetic component to geographic variation in the Red-winged Blackbird (Agelaius phoeniceus), we clearly need more investigations of the developmental constraints on geographic variation in a broad range of species with different population structures (see Smith et al. 1985) .
INTRASPECIFIC AND INTERSPECIFIC DIVERGENCE
The evolutionary potential of population divergence in New Zealand chaffinches is difficult to assess, especially given the short time frame for the development of genetic and morphometric differentiation. This study, however, was designed as part of a more comprehensive research program to investigate whether cumulative microevolutionary changes could be extrapolated to explain intraspecific and interspecific divergence in Fringilla populations with different colonization histories. Specifically, the objective was to compare short-term changes in New Zealand populations with longer-term changes in continental populations in Europe and North Africa, and their derivatives in the Atlantic islands. The latter are particularly relevant here because chaffinches from the continents colonized the Azores, Madeira, and the Canaries in about the last million years (Grant 1979 (Grant , 1980 . Genetic and morphometric studies (Baker et al., in press) revealed that continental populations in Iberia and Morocco, representing subspecies that are phenotypically very distinctive, are only weakly structured genetically (Fs, = 0.092). The limited genetic differentiation ofthese subspecies suggests that they may have diverged in about the last 100,000 years following their isolation on either side of the Mediterranean Basin by Pleistocene climatic events. A high level of homogenizing gene flow between these populations is an unlikely explanation for this restricted allozyme divergence because it would have counteracted the substantial morphological divergence unless strong selective forces acted on phenotypes (which seems implausible for plumage characters, for example).
The peripherally isolated Atlantic island populations have diverged further (Fsl = 0.32 1) than continental ones, consistent with their long period of isolation. Much of this subdivision is owing to the marked divergence of the Canaries subspecies, and this in turn likely emanates from much lower long-term effective population sizes in this archipelago. Finally, differences among subspecies grade into interspecific differences between F. coelebs and the Blue Chaffinch (F. teydea), but speciation has apparently not involved bottlenecks (Baker et al., in press). Viewed from this perspective, the small-scale differentiation in New Zealand appears to be an early phase of a gradual process of divergence in populations of moderate size. We conclude that although bottlenecks can accelerate divergence (see Baker and Moeed 1987) , the critical factor in the evolution of intraspecific and interspecific divergence in chaffinches has been the restriction or cessation of homogenizing gene flow among populations.
